Insulinoma-associated protein-2 (IA-2) is a major autoantigen in type 1 diabetes that occurs through autoimmunemediated ␤-cell destruction. We present here the crystal structure of the protein tyrosine phosphatase ( 
T ype 1 diabetes is an autoimmune disease involving ␤-cell destruction by immune responses against self-proteins (1). Together with GAD65 and insulin, the islet antigen insulinoma-associated protein-2 (IA-2) is a major autoantigen in type 1 diabetes (2) . Autoantibodies against IA-2 are detected in sera of 60 -80% of recent-onset type 1 diabetic patients (3, 4) . They are usually found several years before onset of clinical symptoms, and thus have been used as markers of diabetes diagnosis. The presence of autoantibodies to IA-2 and GAD65 in serum indicates 50% probability of type 1 diabetes development within 5 years (5) .
IA-2 is a type I membrane protein comprising an NH 2 -terminal glycosylated extracellular region, a membranespanning region, and a COOH-terminal cytoplasmic region (6) . The immune epitopes of IA-2 are exclusively located in the cytoplasmic region (7) (8) (9) . Within the cytoplasmic region of IA-2, the PTP-like domain is the major region for autoantibody recognition, and the juxtamembrane region has a few immune recognition epitopes for the autoantibodies found early in the disease. Dominant T-cell epitopes of IA-2, which also reside in the protein tyrosine phosphatase (PTP)-like domain, have significant similarity with a region of VP7, the major immunogenic protein of human rotavirus, suggesting a molecular mimicry mechanism for IA-2-mediated autoimmunity (10) . However, the pathogenic mechanism of autoimmune responses by IA-2 has not been clearly revealed yet.
Targeted disruption of IA-2 in mice results in a significant elevation of glucose and depressed insulin release, indicating that IA-2 is involved in glucose-stimulated insulin secretion (11) (12) (13) . Besides the regulatory role of IA-2 in secretary vesicle mobilization and recruitment in exocytosis, it was found that IA-2 heterodimerizes with other receptor-type PTPs, such as receptor PTP (RPTP)-␣ and -ε, influencing the signaling pathway in the regulation of exocytosis of hormones and peptides (14) . The IA-2 PTPlike domain lacks enzyme activity and has substitutions in the conserved active site residues (15) . Back mutations of the substituted residues in IA-2 partially restored PTP enzyme activity (16, 17) . However, the evolutionary conservation of the substitutions indicates that the lack of enzyme activity is likely required for the protein's physiological function (18) .
Extensive studies on the immune epitopes of IA-2 have found that mutations influencing autoantibody recognition are scattered around the primary sequence of the PTP-like domain (19) . However, epitope mapping of conformational antibodies and their potential relationships with T-cell responses were hampered by the lack of three-dimensional structure of IA-2. To understand the conformational immune epitopes and biological activity of IA-2, we determined the crystal structure of the IA-2 PTP-like domain. The structure reveals the mechanism of inactivity in the PTP-like domain as well as detailed information on spatial relationships between immune-epitope residues, providing important implications on autoimmune responses mediated by IA-2.
containing 20 mmol/l Tris-HCl, pH 8.0, 50 mmol/l NaCl, 2 mmol/l dithiothreitol, and 5% (vol/vol) glycerol and concentrated to 15 mg/ml. Crystallization and data collection. Crystallization was performed at 18°C by the hanging-drop vapor diffusion method, and initial trials were carried out using commercial screening kits (Hampton Research). The best crystals were grown by mixing 1.8 l of protein solution and an equal volume of reservoir solution containing 0.1 mol/l Bis-Tris (pH 6.5), 13% (vol/vol) monomethoxy polyethylene glycol (MW 5 kDa), 19% (vol/vol) glycerol, and 5 mmol/l dithiothreitol. After 3 or 4 days, IA-2p crystals grew to their full dimensions of ϳ0.2 and ϳ0.1 mm in length and thickness, respectively. X-ray diffraction data were collected by using a Rigaku RU300 generator equipped with an R-AXIS IV ϩϩ image plate detector. The crystal in the droplet was directly transferred into nitrogen gas stream at Ϫ180°C. The crystal diffracted to 2.1 Å and belonged to the space group C222 1 with unit cell parameters of a ϭ 76.6 Å, b ϭ 80.5 Å, and c ϭ 239.9 Å. The collected diffraction data were processed and scaled with the programs MOSFLM (20) and SCALA (21), respectively. The statistics for data collection and refinement are summarized in Table 1 .
Structure solution and refinement. The structure of IA-2p was determined by the molecular replacement method, using the leukocyte antigen-related (LAR) PTP D1 domain (PDB code: 1LAR) as a search model (22) . The program EPMR (23) placed two monomers in the asymmetric unit of the crystal. Refinement was carried out using the program CNS (24) . We randomly selected 5% of data and it set aside for the R free calculation. Two monomers in the asymmetric unit have essentially the same conformation. Two-fold noncrystallographic symmetry restraints have been applied throughout the refinement. Rounds of refinements were performed with manual rebuilding by using the program O (25) . The final R cryst and R free are 19.7 and 22.8%, respectively. The Ramachandran plot drawn by the program Procheck (26) shows that 88.2 and 11.0% of all residues fall within the most favored and additionally favored regions, respectively. There are two residues (Cys909 in molecules A and B) in the generously allowed region and another two residues (His833 in molecules A and B) in the disallowed region. The residues have very well defined electron density. The final model includes all atoms of the residues 705-978 in molecules A and B and 349 water molecules.
RESULTS
Structure description. The crystal structure of IA-2p was determined by molecular replacement and refined to 2.1-Å resolutions ( Table 1 ). The IA-2p structure reveals that the protein adopts a globular fold consisting of a highly twisted eight-stranded ␤-sheet (strands ␤1, ␤2, ␤10, ␤3, ␤9, ␤8, ␤7, and ␤6) flanked by five ␣-helices (␣1, ␣4, ␣5, ␣6, and ␣7) on one side and two (␣2 and ␣3) on the other side (Fig. 1 ). In addition, two short ␤-strands (␤4 and ␤5) are found at the end of strand ␤3, extending the central ␤-sheet laterally. The overall architecture of IA-2p is similar to other classical PTP structures, such as PTP1B and PTP␣ (27, 28) . However, there are several important structural differences in the various regions, including the region corresponding to the PTP active site (see below). The crystal contains two IA-2p molecules (A and B) per asymmetric unit making noncrystallographic two-fold interactions with each other (A:B interaction). There is another intermolecular interaction made by the crystallographic two-fold interactions between equivalent molecules (A:A interaction). However, the A:B and A:A contact surfaces are only 3.5% (ϳ450 Å 2 ) and 5.7% (ϳ740 Å 2 ) of total surface area, respectively, indicating that the crystallographically observed dimers are unlikely to exist in solution. Enzyme activity. In marked contrast to other PTPs, IA-2p lacks enzyme activity toward conventional PTP substrates (15) . The lack of activity has been attributed to substitutions of highly conserved residues that are essential to catalysis (17) . Sequence alignment of IA-2p with other PTPs shows that four residues essential for PTP enzyme activity are not conserved in IA-2p (Fig. 2) . The four residues in IA-2p are His740, Ala877, Asp911, and Arg954 corresponding to Tyr46, Asp181, Ala227, and Gln262, respectively, in the conventional enzyme PTP1B. In PTP1B, Tyr46 is involved in hydrophobic interactions with phosphotyrosine substrate; Asp181 in the WPD loop functions as a general acid in the enzyme reaction; Ala227 is located in the loop containing the catalytic cysteine (the catalytic loop); and Gln262 coordinates scissile oxygen during catalysis and activates the attacking water.
In the IA-2p structure, Asp911 points inside the catalytic loop, making a salt bridge interaction with Arg954 ( 3A). This salt bridge interaction greatly diminishes the exposed area of the catalytic loop and thereby blocks access of substrates into the catalytic loop. When the IA-2p structure is superimposed with the ligand-bound PTPs (29, 30) , the position of the salt bridge overlaps that of substrates. The side chain of His740 points away from the catalytic loop, losing the pTyr stabilizing effect of the corresponding residue in PTP1B.
In classical PTPs, the WPD loop near the catalytic loop plays an important role in substrate binding and catalysis (31) . In the ligand-free states, the WPD loop is open for the substrate access and, on ligand binding, the loop is closed to stabilize the bound ligand. The WPD loop in the closed state presents the aspartic acid (D) of the loop in an appropriate position for the role of general acid. In IA-2p, the aspartic acid is changed to Ala877-Glu878, resulting in a WPAE loop. Because of the insertion of alanine (A) before an acidic residue (E), the acidic side chain of Glu878 is not properly positioned to perform the role of general acid (Figs. 2 and 3A) . In addition, the WPAE loop of IA-2p exhibits a closed conformation even in the absence of a substrate in the active site. The closed WPAE loop conformation is likely to prohibit access of peptide or large molecule substrates. Although the closed WPAE loop narrows the pocket entrance by half of the size, the remaining pocket has a size of ϳ6 -10 Å that is able to accommodate small molecule substrates or inhibitors ( Fig. 3B and see below) . Back mutations of some of these residues to the PTP consensus amino acids partially restore the ability to dephosphorylate PTP substrates (16) . However, the restored activity was not very high compared with that of the usual PTP enzymes, consistent with the lack of activity in IA-2p due to the combination of multiple structural factors found in the IA-2p structure.
Like IA-2p, the D2 domain of RPTPs, including RPTP␣ and LAR, usually lacks catalytic activity. However, two point mutations of the D2 domain residues to corresponding PTP1B residues (RPTP␣:V555Y and RPTP␣:E690D; and LAR:L1644Y and LAR:E1779D) result in similar catalytic activity of the D1 domain (22, 32) . In comparison, catalytic activity of IA-2p did not reach that of other PTPs, even with extensive back mutations (16) . It would be also of interest to consider PTEN phosphatase (phosphatase and tensin homolog deleted on chromosome 10), whose physiological substrate is not phosphoprotein but phosphatidylinositol. In PTEN, an enlarged active pocket and some positively charged residues accommodate the large substrate PI(3,4,5)P 3 (33) . Despite PTEN's unique active site pocket shape, the catalytically important residues are well conserved (33) . B-cell epitopes. Epitope mapping of the patient sera was carried out using site-directed mutagenesis and chimeric constructs of IA-2 with the less immunogenic IA-2␤ (34). The study identified three groups of sera (2_sera, 7_sera, and 6_sera) in which different IA-2 residues were critical for antibody binding (Table 2) . In another study, human monoclonal antibodies were generated from peripheral B-cells isolated from type 1 diabetic patients, and subsequent mutagenesis studies identified IA-2 residues critical for binding of each monoclonal antibody (19) ( Table 2 ). These studies found various residues whose mutations affect autoantibody binding toward IA-2. However, epitope information in the primary sequence cannot discriminate mutations disrupting direct antibody interaction from those destabilizing protein structure. Because the side chain solvent accessibility of each residue can be a good measure of direct interaction between antibodies and IA-2, we calculated the side chain solvent accessibility for each residue found to affect autoantibody binding (Table 2) .
Recently, it was found that the monoclonal antibody 96/3 competes with autoantibodies in most patient sera. Phage display experiments found that aromatic, asparagine, and glutamic acid residues were likely involved in the binding of IA-2 (35) . Based on homology modeling of IA-2 and phage display experiments, the authors proposed that Asn858, Glu836, and Trp799 might be a binding site for 96/3 antibody. However, in the crystal structure of IA-2p, Asn858 and Trp799 are located on the opposite side of Glu836, indicating that the three residues cannot form a binding surface (Fig. 4) . Instead, we found a surface comprising clustered aromatic, asparagine, and glutamic acid residues (Tyr855, Asn838, and Glu836) on the other side of the molecule. (Fig. 4) . There is no other prominent surface of clustered aromatic, asparagine, and glutamic acid residues in the IA-2p structure. The E836K mutation completely abolished antibody binding, whereas the N858A and W799A mutations exhibited 40% inhibition, supporting the principal role of Glu836 in 96/3 binding (35) . However, the effects N858A and W799A mutations, whose side chain solvent accessibility are 0.07 and 0.15, respectively, may be attributable to structural perturbation.
Structural display of residues implicated in the autoantibody interactions reveals two major epitope regions in IA-2p: one in the WPAE loop region and the other in the lower part of the central ␤-sheet region (Fig. 5) . The WPAE loop residues (Pro876, Ala877, Glu878, and Thr880) were The fractional solvent accessibility of each amino acid residue in the IA-2p structure was calculated using the program QUANTA as the ratio of the side chain fractional solvent accessibility for residue X to the fractional solvent accessibility obtained after reducing the structure to a Gly-X-Gly tripeptide. The epitope residues mapped by regional deletion were designated by parentheses to distinguish from those mapped by point mutations. (48); †for the antibody 96/3, the residues implicated by both the i) homology-modeled structure and ii) the crystal structure were analyzed by fractional solvent accessibility calculation. FSA, fractional solvent accessibility.
found to recognize a group of sera, including 7_sera and 2_sera, and the monoclonal antibody 96/5. The epitope of antibody 76/12 (Asn815 and Lys818) is also near the WPAE loop, constituting the first cluster of epitope residues. The lower part of the central ␤-sheet contains many highly exposed residues that are possibly involved in the autoantibody interactions. The residues implicated as the epitope of 2_sera (Asn862 and Val859) and antibody 96/3 (Tyr855, Asn838, and Glu836) are located in the same region, constituting the second cluster of the B-cell epitope. Among the three residues implicated in antibody 96/3 binding, the critical role of Glu836 was verified by previous point mutagenesis studies (35) . The residues implicated in 2_sera binding (Asn862 and Val859) were also verified by point mutations (34) . Clustering of residues implicated in two independent studies indicates that the surface comprised of Asn862, Val859, and Glu836 is likely an antigenic hot spot, and this hot spot may be extended to include Tyr855 and Asn838 (Fig. 5) .
Interaction of B-and T-cell epitopes.
The antibodyantigen complex can remain intact during antigen processing and presentation for T-cell receptors, and the antigenbound antibodies affect T-cell responses by protecting the antigen residues from proteolysis or by triggering conformational changes (36, 37) . In the major histocompatibility complex (MHC) class II-restricted presentation of tetanus toxin antigen, antigen processing and MHC class II loading of the footprinted region was hindered, whereas presentation of other regions was boosted (36) . Human autoantibodies for the autoantigen thyroid peroxidase influenced the activity of self-reactive T-cells (37) . In type 1 diabetes, the critical role of B-cells and their antigen presentation function was revealed, indicating an interplay of B-and T-cell responses (38) . Because the immunodominant IA-2p or GAD are located in the cytoplasmic space, B-cells are likely to recognize low amounts of the islet autoantigens, which are released into circulation through cell rupture during the initial islet cell damage (39). Various reports describing T-cell epitopes of IA-2 have found that regions of residues 787-817 (T1 region) and 841-869 (T2 region) are the most prevalent T-cell epitope regions (40, 41) . In the IA-2p structure, the T1 region starts from the middle of helix ␣4 and continues through strands ␤3-␤5 (Fig. 5) . The T2 region encompasses strands ␤7-␤9 in the central ␤-sheet. The two T-cell epitope regions are located closely to each other and form strong interactions. Residues Trp795, Val798, and I806 of T1 form hydrophobic interactions with residues Phe854, Leu856, and Leu867 of T2, resulting in a strong hydrophobic core in the middle of the protein. Strand ␤3 of T1 is involved in hydrogen bonding interactions with the neighboring strand ␤9 of T2, completing the central ␤-sheet. The two B-cell epitope clusters flank the T-cell epitope regions with partial overlaps between them (Fig. 5) . For example, Tyr855, Val859 and Asn862 reside in the edge of T2, whereas Asp815 is located in an exposed loop of T1. The closely related location of the B-and T-cell epitopes is reminiscent of the finding in tetanus toxin (36) , suggesting the autoantibody binding to IA-2 may influence antigen processing for the T-cell response. When the autoantibodies bind to the ends of the central ␤-sheet region, the antibodies are likely to block the sites from processing by proteolytic enzymes. In the meantime, antibody binding may stabilize the T1 and T2 cores, helping an appropriate processing of the region for presentation on the MHC class II molecules.
In the IA-2 structure, there are several B-cell hot spot residues residing within the potential T-cell epitope regions (Fig. 5) , indicating that certain residues of B-cell epitopes may participate in T-cell-mediated immune response. Previously, it was proposed that T-cells would recognize very different antigenic determinants from Bcells because T-cells bind to linear peptides, whereas B-cell epitopes of IA-2 are likely conformational (9) . In our IA-2 structure, the B-cell hot spots contain specific structural features such as turns and ␤-strands, indicating the B-cell epitopes of IA-2 are highly conformational. The epitope residues are also highly exposed to solvent and accessible for autoantibody binding. However, when the IA-2 protein is proteolytically cleaved into linear peptides for presentation on MHC molecules, the tertiary structure of IA-2 is disrupted, and the B-cell epitope residues are able to form very different antigenic structures for recognition by T-cell receptors.
DISCUSSION
The current structure provides detailed information on the location and solvent exposure of residues implicated in the autoimmune responses of IA-2. The structural information would be valuable for design and analysis of further site-directed mutagenesis studies aiming at comprehensive understanding of IA-2-mediated autoimmunity. The understanding could eventually lead to the development of novel diagnostic and therapeutic strategies against type 1 diabetes. First, the atomic level definition of antigenic hot spots in the structure could be used to design conformation-constrained peptide antigens. Previously, it was shown that conformation-constrained peptides could mimic native structure, and these could be used as synthetic vaccines or modulators of receptorligand interactions (42, 43) . The conformation-constrained peptides mimicking antigenic hot spots of IA-2 may also be used for developing peptide enzyme-linked immunosorbent assay protocols for detection of IA-2 autoantibodies in blood, which are cheaper and more efficient than conventional protein-based diagnostic methods (44) . Second, the finding that B-and T-cell epitopes of IA-2 overlap may be exploited for the design of immunomodulation strategies. By using the IA-2 structure and epitope mapping information, one would be able to engineer the protein or to design conformation-constrained peptide antigens to raise novel antibodies that bind the T-cell epitope regions. The novel antibodies may interfere with the usual proteolytic processing of IA-2 in the antigenpresenting cells, resulting in alleviation of T-cell-mediated pathogenic autoimmunity. Third, the surface structure of the antigenic hot spots could be used to design novel small molecules that bind to surface pockets and prohibit auto- Table 2 ) are presented as a ball-and-stick model, and they are colored yellow (fractional solvent accessibility >0.5) and orange (0.25 < fractional solvent accessibility < 0.5). The two T-cell epitope regions are indicated as green (T1, residues 787-817) and magenta (T2, residues 841-869) on the ribbon diagram. In B, the molecule is rotated from A by ϳ90°along the vertical axis.
antibody binding. The most representative surface pocket implicated in the hot spots is the one corresponding to the PTP-active site (the cysteine pocket) near the WPAE loop, a major antigenic hot spot (Fig. 3B) . The small molecule binding to the cysteine pocket may trigger a conformation change in the WPAE loop, resulting in disruption of autoantibody binding.
